1. Introduction {#sec1-insects-09-00109}
===============

Viral diseases transmitted by mosquitoes are responsible for high rates of human mortality. Dengue fever, chikungunya, yellow fever, and Zika are among the most important viral diseases transmitted by *Aedes aegypti* (*Ae. aegypti*) \[[@B1-insects-09-00109],[@B2-insects-09-00109],[@B3-insects-09-00109]\]. Currently, chemical control is the most adopted strategy for limiting insect vector populations, especially by using organophosphate and pyrethroid insecticides \[[@B4-insects-09-00109]\]. However, new tools and strategies have been investigated, especially due to increasing pesticide resistance in *Ae. aegypti* \[[@B5-insects-09-00109],[@B6-insects-09-00109],[@B7-insects-09-00109],[@B8-insects-09-00109]\]. Consequently, alternative insecticides obtained from plants, toxins from microorganisms, and new synthetic compounds have been researched, which ideally must present high efficiency, specificity, human safety, and lower environmental impact \[[@B9-insects-09-00109],[@B10-insects-09-00109],[@B11-insects-09-00109],[@B12-insects-09-00109]\].

Therefore, in the present scenario, it is necessary to improve and develop alternative methods of controlling insecticide-resistant mosquitos. In this sense, photodynamic action is an emerging strategy for control of multidrug-resistant microorganism, killing the microorganism by producing singlet oxygen and/or reactive oxygen species (ROS) generated from the interaction between photoactive compounds (photosensitizers) and light in the presence of molecular oxygen. Although photodynamic control (PDC) of mosquitoes was first explored in 1928 \[[@B13-insects-09-00109]\], PDC has started to gain importance due to the limitations presented by the pesticide control methods, especially, because of growing concern about pesticide-resistant mosquitoes \[[@B14-insects-09-00109],[@B15-insects-09-00109],[@B16-insects-09-00109],[@B17-insects-09-00109]\]. It is important to stress that, as a physical process, PDC has attracted attention because no microorganism resistance is expected to be developed during the photoinactivation treatment, and it can be applied to microorganism inactivation regardless of the multidrug resistance as well \[[@B18-insects-09-00109]\].

Barbieri reported larvicidal effect of xanthene derivatives in *Anopheles* and *Aedes* under white light irradiation; a mixture of Rose Bengal and Erythrosin was the most efficient for larval control, even in extremely dilute solutions \[[@B13-insects-09-00109]\]. Other studies have shown that porphyrin compounds such as photogem (hematoporphyrin derivative) and chlorophylls (chlorophyllins and pheophorbides) also exhibited larvicidal activity in *Ae. aegypti* when photoactivated \[[@B14-insects-09-00109],[@B15-insects-09-00109],[@B16-insects-09-00109],[@B17-insects-09-00109]\]. To induce larval death by oxidative stress, a good photosensitizer (PS) should have an efficient singlet oxygen or strong ROS generation \[[@B19-insects-09-00109],[@B20-insects-09-00109]\], be rapidly and selectively internalized or taken up by the larvae, be able to be activated by white light, and be rapidly eliminated from the environment \[[@B21-insects-09-00109]\].

In the present study, eosin-methylene blue according to Giemsa (EMB) was investigated as a photoactive compound for *Ae. aegypti* larval control by the photodynamic process, herein called as photodynamic control (PDC). Although EMB was developed more than 100 years ago by Gustav Giemsa (1867--1948) for staining of *Plasmodium*, the causative agent of malaria \[[@B22-insects-09-00109]\], its phototoxicity potential for microorganisms was only demonstrated recently \[[@B23-insects-09-00109],[@B24-insects-09-00109],[@B25-insects-09-00109],[@B26-insects-09-00109]\]. The studies revealed that EMB under red-light irradiation was able to photoinactivate Gram-positive (ATCC 25923) and Gram-negative (ATCC 25922) bacteria as well as multidrug-resistant *mcr-1* positive *Escherichia coli* (CCBH 23595) \[[@B26-insects-09-00109]\].

2. Materials and Methods {#sec2-insects-09-00109}
========================

2.1. Maintenance of Larvae {#sec2dot1-insects-09-00109}
--------------------------

*Ae. aegypti* eggs (Rockefeller strain from Laboratory of Insect Vectors of Federal University of Grande Dourados) were maintained in plastic trays with tap water at 25 °C. After egg hatching, the larvae were fed daily with 1 mg/larva of fish ration (Alcon^®^, Camboriú, Santa Catarina, Brazil) until reaching the third-instar larval stage (L~3~) \[[@B27-insects-09-00109]\]. The larvae were picked up with a disposable Pasteur pipette to remove the excess of water. Then, they were put on a Petri dish (20 larvae per dish) with a depth of 15 mm, containing 20 mL of PS solution.

2.2. Photosensitizer {#sec2dot2-insects-09-00109}
--------------------

Eosin-methylene blue according to Giemsa (EMB) was the PS evaluated. EMB is a dye commonly used for microscopy analysis and prepared from a combination of Azure II (a mixture of Azure I with an equal amount of methylene blue) and eosinate of Azure II (an equimolar combination of Azure I, methylene blue, and Y-eosin) \[[@B28-insects-09-00109],[@B29-insects-09-00109]\]. The EMB solution was prepared by diluting EMB powder (99% of purity, Vetec^®^, Rio de Janeiro, Brazil) with distilled water, obtaining seven concentrations (0.0, 0.5, 1.0, 5.0, 10.0, 50.0, and 100.0 µg mL^−1^).

2.3. Optical Characterization {#sec2dot3-insects-09-00109}
-----------------------------

The light absorption profile of EMB in the 250--800 nm range was determined at room temperature using a Cary 50 UV-Vis (Varian^®^, Palo Alto, CA, USA) spectrophotometer. EMB was diluted in distilled water at 35.0 µg mL^−1^. The measurement was performed using a quartz cell with 10 mm optical path.

2.4. Internalization Time {#sec2dot4-insects-09-00109}
-------------------------

The time of internalization (TI) of the PS into the larvae was determined by optical microscopy analysis. Initially, 30 larvae were placed on a Petri dish containing a PS solution at 10.0 µg mL^−1^; then, for 45 min, three larvae were collected every 5 min for the optical image analysis. The larval images were recorded, immediately after collecting the larvae from the Petri dish, using a trinocular microscope (Opton^®^, São Paulo, Brazil), a TA-0124 digital camera, and TSView 7.1.1.7 software.

2.5. Bioassays with Ae. aegypti {#sec2dot5-insects-09-00109}
-------------------------------

The PDC assays were carried out with *Ae. aegypti* third-instar larvae in Petri dishes. The larvae remained immersed in PS aqueous solution for 120 min before PDC experiments. For each tested PS concentration, the larvae were separated in two main groups: irradiated and non-irradiated (dark) groups. The irradiation was performed using white light provided by a customized RGB LED device, which allows the appropriate combination of red (625 nm), green (525 nm), and blue (450 nm) radiation, as presented in the inset of [Figure 1](#insects-09-00109-f001){ref-type="fig"}. Firstly, three different illumination conditions were tested for the irradiated groups, maintaining the illuminance at 27 mW/cm^2^ (originated from 9 mW/cm^2^ at 450 nm, 535 nm, and 625 nm) and varying the irradiation time (15, 30, and 60 min). Larval mortality was assessed as a function of time after finishing light irradiation. The efficacy of the PDC of larvae was also investigated using sunlight irradiation (\~135,000 lx, which is equivalent to 20 mW/cm^2^ at 555 nm). In this assay, the Petri dishes containing the larvae of the control group (non-irradiated) were kept covered by a black cover in the natural environment, avoiding sunlight exposure. In the sunlight-based experiments, the mortality of the larvae was monitored during the sun exposure. For both experiments, a larva was considered dead when it was not moving after stimulus with a Pasteur pipette \[[@B30-insects-09-00109]\]. Finally, a positive control was performed by using a conventional larvicide (Temephos) to determine whether EMB is chemically toxic to the larvae. All tests were done in triplicate for each experimental group, from which the mean value, standard deviation (SD), and standard error (SE) were calculated.

3. Results and Discussion {#sec3-insects-09-00109}
=========================

3.1. Optical Characterization {#sec3dot1-insects-09-00109}
-----------------------------

To characterize how EMB can be light-activated, the optical absorption of EMB was investigated. EMB presents a wide absorption spectrum in the ultraviolet and visible range. [Figure 1](#insects-09-00109-f001){ref-type="fig"} reveals that EMB presents two main absorption peaks in the 250--350 and 580--700 nm ranges. In addition, a well-defined absorption band in the blue-green range (450--550 nm) is also observed. Therefore, EMB can absorb UV and visible light provided by either sunlight or white-light from RGB LEDs.

3.2. Internalization Time {#sec3dot2-insects-09-00109}
-------------------------

EMB was rapidly internalized into larvae ([Figure 2](#insects-09-00109-f002){ref-type="fig"}). After a few minutes of immersion of the larvae in the PS solution, EMB was already in the digestive system. The PS completely filled their digestive system after about 30 min, translocating radially to other parts of the larvae. The larvae began to excrete PS after 45 min, reaching a steady state of PS concentration after 120 min, when PS was spread all over the larvae.

3.3. Photodynamic Control of Ae. aegypti Larvae {#sec3dot3-insects-09-00109}
-----------------------------------------------

### 3.3.1. White-Light Radiation from RGB LEDs {#sec3dot3dot1-insects-09-00109}

[Figure 3](#insects-09-00109-f003){ref-type="fig"} shows the mortality rates for larvae of *Ae. aegypti* after irradiation using white-light provided by RGB LEDs and submitted to EMB concentration of 0.0 (no PS---negative control), 0.5, 1.0, 5.0, 10.0, 50.0, and 100.0 µg mL^−1^. Three different illumination conditions (24.3, 48.6, 97.2 J cm^−2^) were employed. The larval mortality rate was illumination and PS concentration dependent. For instance, while no mortality was observed for all tested PS concentrations up to 20 min after concluded irradiation of 24.3 J cm^−2^, a maximum mortality rate of 81.5% was obtained after 2880 min (48 h) using the same illumination time with immersion in a PS solution with 10.0 µg mL^−1^. Likewise, the mortality rate of 100% of larvae subjected to PS concentration of 5.0 µg mL^−1^ was verified just after the conclusion of the irradiation of 97.2 J cm^−2^ (i.e., the larvae death occurred during the irradiation process).

Additionally, the data also revealed that the optimal concentration range of EMB remained between 5.0--50.0 µg m^−1^ for PDC of *Ae. aegypti* larvae using white-light from RGB LEDs, depending on the illumination time. This finding could be related to the low number of PS molecules internalized into the larvae for the PS concentrations lower than 5.0 µg mL^−1^ as well as the reduction of light intensity through the solution for PS concentrations over 50.0 µg mL^−1^ because of the inner filter effect, hindering the PS photoactivation in deeper region of the medium \[[@B31-insects-09-00109]\].

The findings also revealed that the illumination process was not toxic for the larvae themselves as no larval death was observed in the negative control samples (no PS) for the tested light setups. In addition, EMB did not induce larval death for all tested PS concentrations when the larvae were kept in the dark (non-irradiated group). Here, it is worth noting that Temephos (positive control) induced 100% of larval mortality at a very low concentration (0.12 µg mL^−1^) as presented in [Figure S1](#app1-insects-09-00109){ref-type="app"} in the [Supplementary Materials](#app1-insects-09-00109){ref-type="app"}. These results reveal that EMB was non-toxic to the larvae even when used at a higher concentration (100.0 µg mL^−1^) than Temephos. Although Ahmed et al. reported that methylene blue and eosin may be chemically toxic to *Spodoptera littoralis* larvae, larval death was only observed when using high concentrations of the chemical compound \[[@B32-insects-09-00109]\]. They determined that eosin and methylene blue induced the death of 50% of the larval population at a concentration of 884 and 483 µg mL^−1^, respectively \[[@B32-insects-09-00109]\].

### 3.3.2. Sunlight Irradiation {#sec3dot3dot2-insects-09-00109}

PDC of the larvae was also investigated using sunlight as the radiation source. [Figure 4](#insects-09-00109-f004){ref-type="fig"} shows that the larval mortality rate was higher than 50% during 20 min of sunlight exposure, regardless of PS concentrations. EMB induced rapid larval death even at low concentration (0.5 µg mL^−1^). Furthermore, unlike the results obtained when using RGB LEDs as light source, 100% larval mortality was promoted for the highest PS concentration (100.0 µg mL^−1^). Therefore, EMB is a good candidate to be photoactivated in larval PDC applications not only with white-light from RGB LEDs but also with sunlight.

The higher mortality rates obtained under sun illumination could be explained by the fact that a higher light illuminance was achieved with solar radiation when compared with one provided by the RGB LEDs. Moreover, sunlight radiation provides greater spectral overlap with respect to the EMB absorption spectrum than one achieved using RGB LEDs so that additional channels of ROS production could not be ruled out. In addition, no mortality was observed in the larvae immersed in EMB solution and kept in the dark at the same environmental condition (non-irradiated control groups) as well as in the larvae exposed to solar radiation in the absence of the EMB (irradiated control group).

As a proof of principle, these results demonstrated that EMB can be used for controlling the larval population. Although the experiments were carried out in a non-natural breeding habitat (Petri dishes), our results indicate that PDC may potentially be applied in deep-water breeding sites because the larvae need to reach the water (breeding) surface to breath. In addition, results also revealed in the laboratory experiments that PDC induced larval death when a low light dose was used (i.e., irradiating for 15 min at 27 mW/cm^2^), suggesting that PDC can induce larval death even in shaded breeding sites. Even though the present findings indicate that EMB may be successfully applied for larval PDC, further investigations are still needed to test the effectiveness of larval PDC in the natural environment and conditions as well as to determine whether the EMB can be safely used in the environment.

4. Conclusions {#sec4-insects-09-00109}
==============

The photodynamic control of *Ae. aegypti* larvae immersed in EMB solution and subsequently light-irradiated was assessed. Results revealed that EMB is phototoxic to *Ae. aegypti* larvae even at low concentration (0.5 µg mL^−1^). EMB presented a fast internalization time into the larvae, and it was able to induce a rapid and efficient larval mortality using either sunlight or irradiation from a white-light source. The results revealed that 100% larval mortality was achieved when the larvae were exposed to sunlight (about 40 min), while EMB was non-toxic to the larvae in the dark. In summary, this study demonstrated as a proof of principle that EMB has great potential to be applied in PDC of the larval population of *Ae. aegypti* under sunlight exposure.
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![Normalized absorption spectrum of eosin-methylene blue (EMB) diluted in distilled water. Inset: RGB LED emission spectra.](insects-09-00109-g001){#insects-09-00109-f001}

![Images of *Aedes aegypti* larvae after their immersion in photosensitizer (PS) aqueous solution of EMB as a function of immersion time.](insects-09-00109-g002){#insects-09-00109-f002}

![Larval mortality rate as a function of time after white-light irradiation from RGB LEDs at 27 mW/cm^2^ during: (**A**) 15, (**B**) 30, and (**C**) 60 min, for different EMB concentrations: (δ) 0.0, (Ψ) 0.5, (N) 1.0, (Δ) 5.0, (9) 10.0, (.) 50.0, and (\#) 100.0 µg mL^−1^. Error bars represent SE.](insects-09-00109-g003){#insects-09-00109-f003}

![Larval mortality rate as a function of exposure time to solar irradiation of 135,000 lx for different EMB concentrations: (δ) 0.0, (Ψ) 0.5, (N) 1.0, (Δ) 5.0, (9) 10.0, (.) 50.0, and (\#) 100.0 µg mL^−1^. Error bars represent SE.](insects-09-00109-g004){#insects-09-00109-f004}
